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This report presents the Near Infra-Red Spectroscopic Photon Emission 
Microscope (NIR SPEM) developed to investigate emission spectrums of mainly 
silicon devices. The system has 2 modes of operations, high speed and high 
sensitivity mode, and spectral response from 400nm to 1800nm wavelength. It 
was found that emission spectrums of forward biased pn junctions are dependent 
on junction doping concentration while spectrums of reverse biased junctions are 
sensitive to the field conditions. Mean emission wavelength, λ50%, of nMOSFETs 
in saturation is found to correlate closely with channel electric field strength. The 
spectral region around silicon bandgap energy (950nm to 1300nm) is found to 
exhibit abnormalities during electrical malfunctioning of devices. 
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CHAPTER 1: INTRODUCTION 
 
This project aims to investigate near infra-red (NIR) spectroscopy using photon 
emission microscope (PEM), to determine emission properties of semiconductor 
devices in operation. This chapter presents the motivation and objectives of this 




Photon emission microscopy is widely used in the failure analysis and reliability 
laboratories of semiconductor related facilities primarily as a defect localization tool. 
A major advantage of this technique is that it is a probe-less method, which does not 
damage healthy devices nor further degrade existing defects. Sample preparation only 
requires decapsulation of packaged devices, allowing high throughput. Furthermore, 
the use of high numerical aperture (NA), low magnification objective lenses allows 
“pan” view of complex devices to pinpoint the location of likely defects. This feature 
is extremely useful as it dramatically reduces the time of analysts to search through 
very complicated chips to identify the defect areas for further testing. 
 
Despite the advantages, photon emission microscopy is not without disadvantages, the 
major concern being the lack of spatial resolution of this technique. Essentially, this is 
an optical technique and resolution is limited to approximately half the wavelength of 
the detection wavelength. Since a large proportion of the emission for silicon devices 
has rather long wavelength (> 0.6µm), the spatial resolution would be much poorer 
than the critical dimensions of today’s devices (~0.18µm). Another disadvantage of 
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this technique is that it requires line of sight from the detector to the active surface. 
This is not a problem until multi level metallization layers obscures a large proportion 
of the active surface from the detector’s view [1]. 
 
The development of flip-chip technology in device packaging creates another problem 
in the failure analysis community. Devices of such packaging are no longer accessible 
from the front by most probes, and may only be investigated by removing the chip 
from the mount via desoldering. This process requires large amounts of heat to melt 
the solder bumps and will inadvertently cause damage to the devices, particularly those 
close to the solder bumps. An alternative method is to access the device from the 
backside, through the substrate, using infra-red probe of wavelength >1.1µm. This is 
because the silicon substrate is relatively transparent in this wavelength range. 
 
Spectroscopic studies of device emissions have so far been limited to the visible 
wavelength range, from 0.4µm to 0.7µm. Most literature’s findings were based on data 
collected up to ~0.9µm as data beyond that is mostly unreliable due to the sharp 
decrease in the spectral response of most detectors. These studies have found the 
emission spectrums to be closely correlated to the device operation modes and defect 
mechanisms can be identified simply by reference to a spectrum library. Quantitative 
studies in this area have found that emission characteristics may be correlated to the 
device parameters like the electric fields [2,3]. 
 
The usage of near infra red detection in photon emission microscopy has gained 
popularity recently, partially due to the needs as described and also due to the 
following reasons. Firstly, the availability of reliable and affordable detectors, i.e. 
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InGaAs and HgCdTe (MCT), makes it possible to observe the weak long wavelength 
emissions [4]. Secondly, as voltage levels drop to accommodate the shrinking device 
dimensions, long wavelength, low energy emissions are increasingly dominant as 




There have been considerable research efforts in the Centre for Integrated Circuit 
Failure Analysis and Reliability (CICFAR) of the National University of Singapore 
(NUS) in PEM. From as early as 1989, CICFAR has used PEM as a mean of failure 
analysis and consistent efforts have been characterized by regular publications in 
internationally renowned journals and conferences. 
 
At CICFAR, work on emission microscopy in the visible spectrum range (wavelengths 
up to 900nm) includes equipment development, observing emissions from devices 
previously unreported and investigating the effects on the emissions due to failures. 
Development efforts of the center on instrumentation resulted in the patented elliptical 
mirror with high light collection efficiency [2]. 
 
There are various investigations to observe and understand the emission phenomena 
due to avalanche breakdowns and snapback in MOS devices [5, 6]. Other works 
include attempted quantification of spectral signatures and the study of differences in 
the emission spectrums due to interface states and oxide trapped charges [6, 7]. These 
works illustrate the wealth of reference and experience in the field of spectroscopic 
emission microscopy present in CICFAR, which is valuable for this project. 
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Current capabilities in CICFAR for emission microscopy comprises of panchromatic 
imaging and spectroscopic studies in the visible spectral range. Although the 
equipment inventory at CICFAR is extensive, there is a lack of instruments capable of 
measuring spectrums in the NIR spectral range. 
 
NIR spectroscopy is useful in the extension of defect fingerprint technique to backside 
detection and observing low field emissions in small dimension devices. The 
observation of spectrums in the NIR spectral region is important for silicon devices as 
the bandgap energy of silicon, at 1.12eV (equivalent emission wavelength of 1107nm), 
is not detectable by available systems. However, it is believed that majority of the 
emission and information content is centered about this wavelength [8,9]. 
 
In conclusion, NIR spectroscopic emission microscopy provides information that is 
useful in assessment of silicon devices. This project aims to extend the measurement 
capability of spectroscopic emission microscopy at CICFAR into the NIR spectral 
region. 
 
1.4 Scope of Project 
 
The objective of this project is to develop an NIR capable spectrograph for the 
emission microscope at CICFAR. Diffraction gratings and photodetectors sensitive in 
the NIR regions are incorporated into the existing emission microscope, while utilizing 
4 
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the elliptical mirror as a light collector. Experiments would be carried out on pn 
junctions of silicon and III-V devices and silicon MOSFETs of various dimensions. 
 
Forward bias emissions from different pn junctions would be investigated to observe 
the relation between the spectral characteristic and the doping concentrations. 
Emission spectrums from reverse biased junctions of different silicon junctions are 
investigated and the spectrums are compared to those obtained from junctions of III-V 
semiconductors. Spectrums are obtained from the backside of junctions in forward and 
reverse bias to observe the effects of spectral losses to the substrate. 
 
Spectral investigation of emissions in MOSFETs is carried out to establish the 
connection between the channel electric field and the spectrum in the NIR region, 
using statistical parameters previously proposed. The effects on the spectrum due to 
changes in the device dimensions are investigated using nMOSFETs with gate 
dimensions from 2.0µm to 0.15µm. 
 
Lastly, the spectral effects due to device stressing is investigated using a 1.0µm gate-
length nMOSFET. 
 
1.5 Scope of Report 
 
Chapter 2 presents the literature review of previous works on emission microscopy in 
the NIR spectral region. 
 
Chapter 1: Introduction 
Chapter 3 presents the equipment setup and describes the components used in the 
instrument. 
 
Chapter 4 presents the results from investigating pn junctions of silicon and compound 
semiconductor devices under forward and reverse bias. The results for backside 
detection of emission from silicon pn junctions are also presented here. 
 
Chapter 5 presents the results for investigating MOSFETs emissions. These include the 
connection between the spectrum and channel electric field, the relationship between 
the spectrum and device dimension and the effects of stressing on the spectrum. 
 
Chapter 6 presents suggestions for future work to improve the sensitivity of the 
equipment. 
 




This chapter gives an overview of the interest in development of a spectroscopic 
emission microscope with NIR capabilities. The experience and capabilities of 
CICFAR in the field of emission microscopy development as a motivation and the 
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CHAPTER 2: AN INTRODUCTION TO PHOTON EMISSION 
MICROSCOPY (PEM) 
 
Photon emission microscopy (PEM) is widely used in semiconductor failure analysis 
for fault localization and defect type classification. The popularity of using this method 
as a “first approach” is attributed to its ease of sample preparation and the ability to 
assess relatively large areas as compared to other analysis methods. However, due to 
continual device shrinking and packaging complexity, the usefulness of the PEM is 
becoming more limited [1,4]. 
 
This chapter presents the imaging and spectroscopic mode of a PEM and their 
application in failure analysis. A literature survey examining some previous work on 
the development spectroscopy in PEM and quantitative methods is also presented. 
Lastly, the theory of emissions in devices is briefly discussed. 
 
2.1 Photon Emission Microscopes 
 
The photon emission microscope can be operated in 2 modes; panchromatic or 
imaging mode and the spectroscopic mode. This section explains these modes of 
operation and presents the instrument development in their respective areas. 
 
2.1.1 Panchromatic/Imaging Mode 
 
The photon emission microscope is essentially an optical microscope, fitted with a 
camera to detect the weak emissions from semiconductor devices, shown in figure 2.1 
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[10]. The device under test (DUT) is biased using the measurement control unit and the 
emission image is acquired using the image intensifier under dark conditions. A light 
source is present to acquire the reflected light image of the device to determine the 
region of the emission. Figure 2.2(a) shows the reflected light image of a BJT as 
observed using the PEM and figure 2.2(b) shows the emission image when the emitter-
base junction is under reverse bias. The emission image is overlaid on the reflected 
light image using software to identify the emission areas on the device, shown in figure 
2.2(c). This is the panchromatic or imaging operation mode of the PEM and is 
generally used to locate emitting defect sites.  
 
 
Figure 2.1: Block diagram of a typical PEM [8]. 
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(a)    (b)    (c) 
Figure 2.2: (a) Reflected light, (b) emission and (c) overlay image of a BJT with 
emitter-base junction under reverse bias with 100X objective. 
 
Imaging requires direct line of sight between the active surface and the detector, a 
condition that is increasingly difficult to fulfill by multilevel metallization and flip chip 
packages. While obscured by opaque metal lines from the front, the backside of the 
device (the substrate) is relatively transparent to NIR light of wavelengths greater than 
1.1µm. Figure 2.3 shows the relatively low absorption coefficient, α, or high 
transmission of a typical substrate at wavelengths >1.1µm [11]. Thus, the continual 
application of PEM in failure analysis requires a system that is capable of observing 
this wavelength region. 
 
 
Figure 2.3: Absorption coefficient, α (bold line), of a typical substrate for different 
wavelengths, taking into consideration photon interaction with phonons (dotted line) 
and free carriers (solid line) [11]. 
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Most PEM are able to detect up to 0.9µm wavelength using conventional detectors, 
with enhanced versions extending this limit to approximately 1.0µm. This limit is 
insufficient for backside detection, and new detector technologies with sensitivities 
further into the IR region are required. It is well known that low bandgap compound 
semiconductors like InGaAs (0.8-1.7um), InSb (3-5um), InAs (1-3um) and HgCdTe 
(0.8-12um depending on composition) may be used to make detectors with sensitivity 
in the wavelength region within parentheses. However, it is very difficult to produce 




Figure 2.4: Spectral sensitivities of non-compound semiconductor detectors [10]. 
 
This problem is overcome with the improvement in production technology of 
compound semiconductor focal plane arrays. Systems utilizing HgCdTe detectors, has 
spectral sensitivity shown in figure 2.5. The photodiode array requires extensive 
cooling to temperatures approximately 77K to reduce noise levels [13]. Although 
HgCdTe detectors may be sensitive up to 12um, it was found that characteristic photon 
emissions in semiconductor devices are generally limited to <1.7um wavelength. 
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Hence, HgCdTe detectors in conjunction with a filter to limit to <1.6um wavelength is 
used for semiconductor failure analysis systems. 
 
Figure 2.5: Spectral sensitivity of an HgCdTe detector array at 77 K [13]. 
 
Although the substrate is relatively transparent, it requires significant thinning and 
polishing to reduce unwanted aberration and increase transmission efficiency 
[14,15,16,17]. These effects distort the image and degrade the sensitivity. Figure 2.6 
shows the emission image detected from the backside of a microprocessor die, with 
substrate thinned to 180µm and anti-reflection coating (ARC) applied. Current 
research in this area is trying to improve image quality by advanced sample 
preparation techniques, optical phase contrast imaging and software image 
enhancement [18,19]. 
 
Figure 2.6: Emission image of a portion of a microprocessor taken from backside with 
50X objective [18]. 
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2.1.2 Spectroscopic Mode 
 
The PEM can also be operated in the spectroscopic mode, which involves the 
identification of the spectral contents of the emission at a localized region. Emission 
from a localized region for spectroscopic analysis may be collected by various 
methods including placing one end of a light guide over the emission point, inserting a 
prism into the column, developed by IMEC [20], or using a semielliptical mirror 
collector developed in CICFAR. The PEM system in this project uses the semielliptical 
mirror collector as it has relatively high collection efficiency as compared to the other 
systems [2]. Figure 2.7 shows the block diagram of this setup. 
  
 
Figure 2.7: Block diagram of PEM with semiellipsoidal mirror collector. 
 
The panchromatic emission collected by the semiellisoidal mirror is transported, via 
the light guide, to the spectrograph for spectral analysis. In the spectrograph, the 
panchromatic signal is dispersed into its constituent wavelengths using a diffraction 
grating. The grating is then rotated to allow a single detector to scan the spectrum 
sequentially or an array of photodiodes is situated at the focal plane of the spectrum for 
12 
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simultaneous spectrum acquisition. Figure 2.8 shows the block diagram of a 
spectrograph using a photodiode array for simultaneous spectrum acquisition.  
 
 
Figure 2.8: Block diagram of a spectrograph with photodiode array for simultaneous 
spectrum acquisition. 
 
The emission spectrums are classified into broad categories and defect types are 
readily identifiable by referring to a “spectrum library”. This is the defect 
fingerprinting technique as individual failures are found to have its unique “signature” 
spectrum. Figure 2.9 shows a spectrum library of some common faults. 
 
 
Figure 2.9: Emission spectrum library of some common faults in silicon based devices. 
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The comparison of emission spectrums by referring to the spectrum library is a 
qualitative method and ambiguities often arise on which type of failure is actually 
being detected. This ambiguity arises as measured spectrum shapes may appear to be 
“in-between” two known spectrums. Hence, quantitative methods are developed to 
characterize the spectrums for comparison, or new information in the NIR wavelength 
region may show significant enough disparities to discern the spectrums easily. It is 
likely that the combination of the 2 approaches mentioned is required to make 
spectroscopic photon emission microscopy a much more reliable failure analysis tool 
than it currently is [21,22]. 
 
2.2 Literature Survey: Spectroscopic Photon Emission Microscopy 
 
Spectroscopic Photon Emission Microscopy (SPEM) research began and is mainly 
conducted for the wavelength range of 0.4µm to 0.9µm. The reason being that 
detectors sensitive outside this range are rare and systems with these detectors are even 
rarer. SPEM research data within this wavelength are presented in this section, along 
with those using enhanced detectors sensitive up to 1.0µm. Some results using 
compound semiconductor detectors (mainly HgCdTe) that is sensitive up to 2.5µm are 
also presented. Research works to quantitatively characterize these spectrums are also 
presented. 
 
2.2.1 0.4µm to 1.0µm wavelength range 
 
Work in this region began with the observation of emissions from silicon pn junctions 
in forward and reverse bias and n-channel MOSFETs in saturation. These fundamental 
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spectrums were investigated to understand the mechanism for light emission of devices 
under the respective operation modes. Figure 2.10(a) shows the spectrum for a forward 
biased pn junction at different biasing currents. The emission mechanism in this case 
was found to be recombination of carriers injected across the depletion region, and the 
peak observed at ~870nm, instead of 1107nm, is due to the poor detector response 
beyond that wavelength. Figure 2.10(b) shows the spectrum of a reverse biased pn 
junction at different biasing currents. The emission mechanism is believed to be the 
recombination of electron-hole pairs generated by avalanche mechanism in the 
depletion region [23]. 
 
 
(a)      (b) 
Figure 2.10: Emission spectrum of (a) forward and (b) reverse biased silicon pn 
junction [23]. 
 
Figure 2.11(a) shows the spectrum of an nMOSFET at different saturation points. It 
was found that the total emission is proportional to the substrate current, Isub, as shown 
in figure 2.11(b), and independent of bias condition, channel current and channel 
length. Hence the mechanism responsible for emission in nMOSFETs is believed to be 
the recombination of high-energy electrons from the source injected across the 
depletion region with holes in the p-substrate [24]. 
15 
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(a)      (b) 
Figure 2.11: (a) Emission spectrum and (b) correlation of total emission with substrate 
current of nMOSFET in saturation [24]. 
 
The characteristic of nMOSFETs biased into snapback using a modified continuous 
pulsing transmission line technique was studied using SPEM. The results of this 
investigation show emission present at 375nm region, this closely corresponds to the 
energy required for electrons to surmount the Si-SiOx interface. Figure 2.12(a) shows 
the uncalibrated spectrum with the 375nm peak. It was deduced from this observation 
that high-energy carriers are injected into the gate oxide during this breakdown mode. 
Otherwise, the emission spectrum resembles a combination of forward and reverse bias 
pn junction, as the substrate-source and drain-substrate junctions are subjected to these 
bias conditions respectively. Figure 2.12(b) shows the calibrated spectrum of the 
nMOSFET biased into snapback. The resemblance to a combination of forward and 
reverse bias spectrums can be seen, but the 375nm peak could not be represented due 
to calibration constraints [5]. 
 
16 
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(a)      (b) 
Figure 2.12: (a) Uncalibrated and (b) calibrated emission spectrums of 1.0µm channel 
length nMOSFET biased into snapback [5]. 
 
Another investigation to examine the effects of oxide-trapped charges and interface 
states on the emission spectrum was carried out by W.K.Chim et al [7]. The 
nMOSFET samples were stressed under Isub(max) and Ig(max) conditions to induce 
interface state generation and electron trapping respectively. It was concluded that 
although monitoring of Id(lin) and Gm(max) was able to identify more serious degradation 
under Isub(max) stress, as shown in figure 2.13(a),  the electrical parameters alone are 
unable to distinguish the dominant degradation mechanism under these stress 
conditions. It was observed from the difference spectra in figure 2.13(b) that under 
Isub(max) stress, the emission intensity increases more than Ig(max) stress. This observation 
is consistent with the model that the emission intensity and interface state generation is 
caused by impact ionization, and the increase in both would be proportional while all 
other factors remained constant. 
 
In order to distinguish the effects of oxide-trapped charges and interface states, the 
difference spectra for Isub(max) and Ig(max) stress were obtained as shown in figures 
2.13(c) and 2.13(d) respectively. While Isub(max) stress causes emission increase for all 
Chapter 2: An Introduction to PEM 
18 
wavelengths, Ig(max) stress effects are wavelength dependent. The dominance of oxide-
trap charge formation under Ig(max) stress shows a decrease in high energy emissions 




(a)      (b) 
 
(c)      (d) 
Figure 2.13: (a) Gm(max) and Id(lin) changes and (b) difference spectra after Isub(max) and 
Ig(max) stresses. Difference spectra after (c) Isub(max) and (d) Ig(max) stress [7]. 
 
2.2.2 >1.0µm wavelength region 
 
Investigations on SPEM carried out in this wavelength region are mostly carried out 
using the HgCdTe focal plane arrays cooled to 77K. These systems are primarily 
imaging systems sensitive from 0.8µm to 2.5µm wavelength region. The spectral 
results are obtained using narrow bandpass filters and these systems are incapable of 
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continuous wavelength spectroscopy. Specific continuous wavelength spectroscopy 
systems using HgCdTe arrays have not been developed due to its high cost. 
Furthermore, the cooling systems are often elaborate and prevent incorporation of 
spectroscopic mode into the imaging system. 
 
Figure 2.14(a) shows the fundamental emission spectrums of forward and reverse 
biased silicon pn junction. The forward bias peak was observed at approximately 
1150nm as compared to 875nm in figure 2.10(a). This value is closer to the bandgap 
energy of silicon and is indicative of the true emission peak. The reverse biased 
spectrum bears resemblance to that in figure 2.10(b), with increasing emission 
intensity at increasing wavelengths. The saturated nMOSFET emission spectrum is 
shown in figure 2.14(b), with emission intensity increasing almost exponentially until 
1.1µm and linearly from then onwards. In these cases, the emission intensity at 
wavelengths >1.0µm is observed to far exceed those below [25]. 
 
 
(a)      (b) 
Figure 2.14: Emission spectrum of (a) forward and reverse biased pn junction and (b) 
nMOSFET in saturation for wavelengths >1.0µm [25]. 
 
Figure 2.15(a) shows a spectrum comparing n and p channel MOSFETS in the 
wavelength range from 1.1µm to 1.4µm. In both cases, strong emission at 
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approximately 1.1µm is observed due to radiative recombination around the indirect 
bandgap of silicon. Also, strong emission is also observed at approximately 1.3µm, 
less obvious for p channel. Figure 2.15(b) shows the total emission intensity for n and 
p channel MOSFETs in saturation for different channel lengths between 1.1µm to 
1.4µm wavelength range. The exponential increase in emission intensity at shorter 




(a)      (b) 
Figure 2.15: (a) Emission spectrums and (b) total emission for different channel 
lengths of n and p channel MOSFETs in saturation [26]. 
 
A case study of failed input protection structures show emission at several input pins 
using a NIR PEM with HgCdTe detector. Figure 2.16(a) shows the emission images 
for both positive and negative inputs, labeled A to E. The corresponding emitting sites 
for positive or negative input is not indicated. Figure 2.16(b) and (c) shows the 
spectrums of the different emission sites acquired using bandpass filters. The dominant 
emission mechanism in figure 2.16(c) is recombination of carriers injected into silicon 
as forward bias spectrums are observed. The dominant emission mechanism in figure 
2.16(b) is concluded to be thermal. This illustrates the usefulness of observing NIR 
emissions in failure analysis [26]. 





(b)      (c) 
Figure 2.16: (a) Emission image of input protection structure. Spectral analysis of 
different emitting sites showing dominant (b) thermal emission and (c) carrier injection 
into silicon [26]. 
 
2.2.3 Quantitative methods 
 
Although defect fingerprinting by comparison of spectrums to a spectrum library has 
been established as a useful classification for emission spectrums, this process depends 
on the expertise of the operator and leads to inconsistent results. More qualitative 
methods to compare spectrums with a greater consistency have been proposed for use 
in spectroscopic photon emission microscopy work. 2 such methods using statistical 
parameters and neural networks are presented here. 
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The first method is to extract statistical parameters, λ1.0 and λ50%, from normalized 
spectrums. λ1.0 is defined as the wavelength of the first crossover at unity intensity of 
an area normalized spectrum. It is also the wavelength at which the emitted light 
intensity is a normalized average. λ50% is defined as the wavelength where 50% of the 
photons are emitted at a wavelength below λ50%. It gives an indication of the mean 
wavelength [6]. 
 
The parameter λ50% is used to characterize nMOSFET emission spectrums and 
compare the emission energies of DDD and LATID devices. Figure 2.17 [6] shows the 
λ50% of DDD and LATID devices as a function of the channel electric field. The 
parameter (Isub/Id)/ ζ is an estimate of the channel electric field and the characteristic 





oxt0.22 jx⋅⋅=ζ    (2.1) 
where tox is the oxide thickness and xj is the source/drain junction depth. 
 
 
Figure 2.17: λ50% versus electric field of DDD and LATID devices at Vg=3V [3]. 
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Observations from figure 2.17 confirm the dependence of mean emission energy on the 
channel electric field. Furthermore, the longer mean emission wavelengths in the 
LATID devices indicates better suppression of hot carriers using LATID technology, if 
the effects due to the difference in channel lengths of the 2 sets of devices are 
negligible. 
 
Another method utilizes neural networks to classify spectrums, as it is a fast and 
relatively insensitive to noise in the inputs. Furthermore, properly trained networks are 
accurate and operator independent to ensure consistency in results. Figure 2.18 shows 
the accurate classification of a spectrum obtained from a gate oxide rupture using this 
method. The network trained is insensitive to the apparently large noise levels, which 
would otherwise appear confusing to operators [27]. 
 
 
Figure 2.18: Classification of emission spectrum of a gate oxide rupture using a trained 
neural network [27]. 
 
Although the use of neural networks allows fast and accurate classification of 
spectrums, a large set of training data is required to train the network properly. A total 
of 963 training sets were used in this investigation and the question of adequacy in the 
training set size economical for industrial application is still unknown. 
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2.3 Emission Mechanisms 
 
This section presents the theoretical understanding of mechanisms explaining the 
fundamental emission spectrums in silicon devices. The situations of a pn junction 
under forward and reverse bias and a MOSFET in saturation are presented. 
 
2.3.1 Forward biased pn junction 
 
In a forward biased p-n junction, the applied voltage, VF, lowers the potential barrier 
under thermal equilibrium conditions, shown in figure 2.19(a). This causes electrons 
and holes to diffuse from the n and p bulk to diffuse across the junction. After crossing 
the junction, the diffusing carriers become minority carriers and recombine readily to 
emit photons, hν, as shown in figure 2.19(b). 
 
 
(a)      (b) 
Figure 2.19: Band diagram of a pn junction in (a) thermal equilibrium and (b) forward 
bias. 
 
The diffusion current of electrons and holes injected into the p and n bulk respectively 

















I    (2.2) 
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where Dn,p and Ln,p are the minority carrier diffusion coefficient and diffusion lengths 
respectively, while Nd and Na are the n and p doping concentration respectively. 
Hence, from this equation, the dominant current component and the region where 
radiative recombination occurs is known from the relative doping densities [8]. 
 
The emitted photons normally carry energy equivalent to the bandgap energy, 1.12eV 
in silicon, under this emission mechanism. However, in indirect bandgap materials like 
silicon, radiative recombination requires the participation of a phonon to conserve the 
momentum, shown in figure 2.20(a) [25]. Furthermore, impurities in doped silicon 
may assist in the recombination, shown in figure 2.20(b) [25], which causes emitted 
photons to have energy values below 1.12eV. 
 
 
(a)    (b) 
Figure 2.20: E-k diagram of recombination in indirect bandgap materials due to a 
phonon and (b) phonons and impurities [25]. 
 
The emission spectrum is expected to be narrow band, with peak energy close to 
1.12eV (1107nm wavelength) and affected by the phonon energies and doping 
concentration. These properties are observed in the spectrum in figure 2.14(a). 
 
25 
Chapter 2: An Introduction to PEM 
26 
2.3.2 Reverse biased pn junction 
 
A pn junction under an applied reverse bias of VR increases the potential difference 
and causes the depletion width to widen. Electron-hole pairs are generated in the 
depletion region by avalanche multiplication or impact ionization at large enough 
reverse bias. The recombination of these carriers is believed to be the emission 
mechanism in a reverse biased pn junction. Figure 2.21 shows the band diagram of a 
pn junction under reverse bias. 
 
 
Figure 2.21: Band diagram of emission in reverse bias pn junction. 
 
The dominant current component in a reverse biased junction is the tunneling and 
recombination in the depletion width. The general expression of tunneling current 



























  (2.3) 
where m* and q are the effective rest mass and electrical charge of the carrier, ε is the 
electric field and Eg is the bandgap energy and h is Planck’s constant. 
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Most carriers lose different amounts of energy through impact ionization creating an 
emission that is very broadband. The short wavelength emission is related to the 
electric field or applied reverse bias and the emission intensity would peak at bandgap 
energy. The broadband characteristic is observed in figure 2.14(a), but the emission 
was observed to increase at wavelengths longer than the bandgap energy [8]. 
 
2.3.3 Saturated MOSFET 
 
Total emission intensity of MOSFET in saturation is observed to be proportional to the 
substrate current. Therefore, the emission mechanism is believed to be recombination 
of high-energy carriers injected from the channel into the substrate. Figure 2.22 shows 
the schematic of this emission process. Since only high enough energy carriers that 
have undergone non-elastic scattering and are directed into the substrate contribute to 




Figure 2.22: Schematic of emission mechanism in saturated MOSFETs. 
 
The emission spectrum of a MOSFET in saturation is broadband with highest intensity 
at the bandgap, resembling a reverse biased pn junction [8]. The amount of carriers 
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that is able to cross into the substrate is dependent on the kinetic energy of the carriers, 
which is in turn, dependent on the channel field. Hence, the spectrum of a MOSFET in 




In this chapter, the imaging or panchromatic and spectroscopic mode of operation the 
PEM are introduced along with their respective industrial applications. A literature 
survey on spectroscopic photon emission microscopy is presented, including some data 
in the NIR wavelength region. The literature survey comprises of work on pn 
junctions, nMOSFETs and some quantitative methods to characterize emission 
spectrums. Lastly, emission mechanisms of semiconductor devices in common modes 
of operation are presented. 
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CHAPTER 3: DEVELOPMENT OF A NIR PEM SYSTEM 
 
This chapter presents the equipment setup for this project, including the specifications 
of the microscope body, light collection optics and spectrographs. The system has 2 
modes for spectroscopic operation, the High Speed and High Sensitivity modes. The 
calibration processes for both modes are presented. A comparison of the sensitivity 
between the 2 modes is performed and presented in this chapter. 
 
3.1 The NIR Spectroscopic Emission Microscope (NIR SPEM) 
 
The NIR SPEM consists of 3 functional blocks, the microscope body, the light 
collection optics and the spectrographs, shown in figure 3.1. This section describes the 
functions and components for each of these blocks. 
 
 
Figure 3.1: Block diagram of NIR SPEM. 
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3.1.1 Microscope Body 
 
The function of the microscope body is for the alignment of the device under test 
(DUT) to one of the focal point of the elliptical mirror of the light collection optics. 
This is to ensure as much light emitted from the active surface is collected for spectral 
analysis. A CCD camera could also be attached to the microscope body for emission or 
reflected light imaging purposes. However, this function is unnecessary in this project 
and the camera was not fitted. 
 
The microscope body consists of an optical microscope with various objective lenses 
and an adjustable stage. The DUT is placed on the adjustable stage while being biased 
by an external power source. The Hewlett Packard HP4145B Parameter Analyzer is 
used to bias and monitor all voltage and current levels in this project. The DUT is then 
adjusted so that the active area is centered along the optical axis of the microscope. 
 
3.1.2 Light Collection Optics 
 
The function of the light collection optics is to collect as much light from the emission 
source while rejecting as much stray light from the surroundings as possible. The 
emitted light is to be transported to the spectrograph for spectral analysis. 
 
A semielliptical mirror mounted on a movable stage is used to collect the light emitted 
from the active surface of the DUT. The semielliptical mirror has a good (>85%) 
collection efficiency and high background noise rejection ratio [2]. The mirror is 
inserted in the direction as shown in figure 3.1 so that one of its focal point is near the 
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emission source. The other focal point of the mirror is placed at one end of the light 
guide, so that as much light from the emission source is effectively coupled to the 




The spectrograph analyzes the wavelength contents of the light as collected from the 
collection optics and displays the spectrum with the aid of a personal computer. There 
are 2 spectrograph modes used in this project, the High Speed and High Sensitivity 
modes. High speed mode acquires the spectrum simultaneously using a photodiode 
array and is not very sensitive. High sensitivity mode uses an NIR PMT to scan the 
spectrum sequentially for better sensitivity, but the scanning process is very slow. 
 
3.1.3.1  High Speed Mode 
 
The High Speed mode of operation uses a Jobin Yvon CP140 spectrograph with NIR 
grating sensitive from 800nm to 1700nm wavelength range. The output spectrum is 
coupled to a 256 element InGaAs photodiode linear array from Sensors Unlimited Inc. 
The wavelength resolution of this setup is fixed at 3.7nm. The linear array has a built 
in thermo-electric cooler to control the working temperature of the sensor. 
 
Figure 3.2 shows the block diagram of this setup. The light from the light guide is 
dispersed by the diffraction grating and the sensor array is placed at the focal plane of 
the spectrograph. A capacitive storage element per photodiode records the photons 
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detected during the exposure. The personal computer controls the exposure of the 
linear array and extracts the data from the capacitive storage elements serially. 
 
 
Figure 3.2: Block diagram of High Speed mode of operation of spectrograph. 
 
3.1.3.2  High Sensitivity Mode 
 
The High Sensitivity mode of operation uses a Melles Griot H10 stepping 
monochromator with a Hamamatsu R5509-42 NIR photomultiplier tube (PMT). The 
system is sensitive over wavelength range from 300nm to 1400nm and variable 
wavelength resolution depending on optical slit width. In this project, the optical slit 
width used is 0.5mm, giving the system a wavelength resolution of 8nm. The NIR 
PMT requires a working temperature of -80°C and needs a specialized liquid nitrogen 
cooling system. 
 
Figure 3.3 shows the block diagram of this setup. The light from the light guide is 
dispersed by the diffraction grating and only a portion of the spectrum equivalent to 
the width of the optical slit is incident on the NIR PMT. The light intensity sensed by 
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the NIR PMT represents the spectral intensity over a 8nm wavelength range. The 
diffraction grating is rotated in the direction shown by the arrow for the NIR PMT to 
scan the full spectrum. The personal computer controls the scanning routine and reads 
the data from the amplified output of the NIR PMT. 
 





Figure 3.3: Block diagram of the High Sensitivity mode of the spectrograph. 
 
In this system, a spectrograph is used in the high speed mode while a stepping 
monochromator is used in the high sensitivity mode for coupling to the respective 
detectors. This arrangement using 2 different diffraction gratings increases the 
complexity in utilization and calibration of the system. Although spectrograph systems 
with both modes of operation (stepping monochromator and spectrograph) using a 




The High Speed and High Sensitivity modes of operations use different gratings and 
detectors for spectral acquisition. Therefore, wavelength and spectral response 
calibration must be performed for both modes. This section describes the calibration 
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process using an ORIEL 6035 Hg(Ar) lamp source for wavelength calibration and 
Tungsten lamp source for spectral response calibration. 
 
Wavelength calibration requires the identification of the known peaks from the 
emission source, as specified by the manufacturers. The wavelength dependent 
correction factor to compensate for the spectral response of the system is obtained by 
spectral calibration with a Tungsten lamp, with known spectrum within the calibration 
range. The correction factor may be obtained from the following equation; 
( ) ( )( )λ
λλ
(M
CF =   (Eqn 3.1) 
where F(λ) is the correction factor, C(λ) is the theoretical spectrum and M(λ) is the 
measured spectrum [17]. 
 
3.2.1 High Speed Mode 
 
In the High Speed mode, the spectral sensitivity ranges from 800nm to 1700nm. In this 
region, there are only 2 known peaks specified by the manufacturer of the calibration 
source, at 1014nm and 1357nm. The wavelength scale is then fixed after identifying 
these 2 peaks, as shown in figure 3.4. 
 




Figure 3.4: Wavelength calibration for High Speed mode, showing the known peaks at 
1014 and 1357nm and other artifact peaks. 
 
After confirming the wavelength scale, the tungsten lamp source’s theoretical 





















πλ   (Eqn 3.2) 
where λ is the wavelength, h is Planck’s constant, c is speed of light, k is boltzman’s 
constant and T is the temperature of the body, and actual spectrum, M(λ), measured. 
Figure 3.5(a) and (b) shows the theoretical spectrum and measured spectrum 
respectively. The correction factor is calculated from eqn 3.1 and is shown in figure 
3.5(c). 
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Figure 3.5: The (a) theoretical spectrum, (b) measured spectrum and (c) correction 
factor for spectral response calibration for High Speed mode. Temperature of tungsten 
lamp is 3000K. 
 
3.2.2 High Sensitivity Mode 
 
The same calibration methods are used for the H10 stepping monochromator and 
R5509-42 NIR PMT spectrograph to obtain the wavelength scale and correction factor. 
This mode is sensitive from 300nm to 1400nm and calibration is performed for 
spectral range from 400nm to 1400nm. The range from 300nm to 400nm is excluded 
as the calibration instruments are not sensitive in this region. 
 
Figure 3.6 shows the wavelength calibration for the high sensitivity mode with the 
peaks specified by the manufacturer marked. 
 
36 
Chapter 3: Development of a NIR PEM System 
 
Figure 3.6: Wavelength calibration spectrum for high sensitivity mode. 
 
The spectral response calibration is performed as the high speed mode. Figure 3.7(a) 







Figure 3.7: The (a) measured spectrum and (b) correction factor for the spectral 
response calibration of the high sensitivity mode. 
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3.2.3 Verification 
 
The emission spectrum of a forward biased silicon pn junction (Emitter-base junction 
of CA3083 BJT) is acquired using both high speed and high sensitivity modes. The 
obtained spectrums are normalized and compared. Figure 3.8 shows the calibrated 
spectrums of a forward biased pn junction measured using the high speed mode 
(labeled InGaAs array) and high sensitivity mode (labeled NIR PMT). The 2 spectrums 
are almost identical in the region of overlap except for a higher background noise 
observed in the NIR PMT. Allowing the NIR PMT to cool for a longer time before 
actual measurements can reduce this noise. 
 
 
Figure 3.8: Calibrated spectrums of a forward biased pn junction measured using the 




This section presents an investigation of the characteristics of the 2 operating modes of 
the spectrograph. A comparison between the high speed and high sensitivity modes is 
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also presented. The signal to noise ratio (SNR) of the different modes of operations is 
obtained for devices under different biasing modes and conditions. In this comparison, 
a silicon pn junction under forward and reverse bias is used. 
 
3.3.1 High Speed Mode 
 
In the high speed mode of operation, all the 256 photodiodes are turned on and off 
simultaneously for the duration of the exposure. The noise manifests itself as non 
uniform photodiode leakage current for each element, under dark conditions. Figure 
3.9 shows a spectrum of the leakage power under dark conditions. The noise 
equivalent power (NEP) of this mode of operation can be obtained by summing the 
total power for all pixels. 
 
 
Figure 3.9: Spectrum of the NEP for the high speed mode of operation. 
 
It is also known that as the exposure time increases, the noise for photodiodes will 
reduce due to averaging. Hence, the NEP of the system is expected to reduce as 
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integration time increases. Figure 3.10 shows the plot of NEP for different integration 
times. It is observed that NEP reduces rapidly for the first 5 seconds of exposure, 
consistent with the inverse square root dependence of sampling time on noise power in 
continuously sampled systems. The NEP settles to a stable level after 10 seconds of 
exposure and further integration cannot reduce the noise levels further due to the high 
leakage currents in the photodiodes. 
 
 
Figure 3.10: NEP of High Speed mode at different exposure time. 
 
The sensitivity limit of the system is estimated by measuring the lowest detectable 
current in an emitting pn junction under forward and reverse biased. The lowest 
detectable current levels are then compared to that in the high sensitivity mode. The 
signal + noise powers of pn junction under forward bias is calculated for various 
forward current levels at 10 seconds integration. The SNR is defined as; 
1)( −+=
NEP
NoiseSignalSNR   (Eqn 3.3) 
where (Signal + Noise) is the total power of the measured spectrum, containing both 
signal and noise. 
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Figure 3.11 shows the plot of SNR as a function of the forward current level, IF, at 10 
seconds of exposure. The SNR is observed to reduce almost linearly with the current 
level. The sensitivity limit is defined as unity SNR, and is found to occur at IF = 2mA. 
 
 
Figure 3.11: SNR of forward biased pn junction at various IF. 
 
Figure 3.12: SNR of reverse biased pn junction at various IR. 
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The same procedure is repeated for the pn junction under various reverse biased 
current levels, IR. Figure 3.12 shows the SNR plot as a function of IR. As observed 
from the plot, the sensitivity limit occurs at IR = 3mA. 
 
3.3.2 High Sensitivity Mode 
 
In the high sensitivity mode, the noise pattern is totally random and thermal 
generation-regeneration of carriers in the NIR PMT being the predominant source. In 
this setup, noise reduction is achieved by averaging the measured signals and although 
the effect is similar to integration in the high speed mode, the direct correlation is 
unknown. Figure 3.13 shows the noise power as a function of the amount of averaging, 
with 106 averages being the maximum attainable for the setup. It is observed that the 
noise levels tend to zero as the averaging amount increases.  
 
 
Figure 3.13: Noise levels in High Sensitivity mode at various amounts of averaging. 
 
42 
Chapter 3: Development of a NIR PEM System 
Similar to the high speed mode, the SNRs of a forward biased pn junction is obtained 
for various current levels, IF. Figure 3.14 shows the SNRs as a function of IF. The 
sensitivity limit is found to be at IF = 0.04mA, which is about 50 times better than the 
high speed mode. 
 
 
Figure 3.14: SNR of forward biased pn junction at various IF in high sensitivity mode. 
 
The SNRs for a reverse biased pn junction is similarly obtained at various current 
levels, IR. Figure 3.15 shows the SNR at various IR in high sensitivity mode. The 
sensitivity limit is observed to occur at IR = 0.02mA, which is about 150 times better 
than the high speed mode. On the average, the high sensitivity mode is about 2 orders 
more sensitive than the high speed mode as the NIR PMT is a much more sensitive 
device than photodiodes. 
 
This observation is consistent with manufacturer specifications of the specific 
detectivity, D*, value, where the NIR PMT’s D* is reported to be approximately 100 
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times higher than the InGaAs array. The D* value, in (cm Hz1/2) / W, is a measure of 




∆=*   (Eqn 3.3) 
where NEP is the noise equivalent power, A is the detector area and ∆f is the 
bandwidth in which NEP is measured [30]. 
 
Figure 3.15: SNR of reverse biased pn junction at various IR in high sensitivity mode. 
 
3.4 Comparison to Previous Results 
 
This section compares some spectra obtained by the NIR SPEM to previous published 
works. Forward biased pn junction and saturated nMOSFET emission spectrums are 
compared to results published by Tao JM et al [22]. 
 
3.4.1 Forward Biased pn Junction 
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Previous works have observed forward biased pn junctions only up to ~950nm 
wavelength region, even though the emission peak is known to occur at ~1107nm, due 
to lack of sensitivity of the detectors at longer wavelengths. Figure 3.16(a) shows the 
complete “narrowband” spectrum of a forward biased pn junction obtained in the high 






Figure 3.16: (a) Complete and (b) up to 950nm wavelength emission spectrum of 
forward biased pn junction in high sensitivity mode. 
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Figure 3.17 shows the forward biased spectrum as published in [22]. The emission 
intensity is observed to increase exponentially after 800nm and is consistent with the 
observation in figure 3.16(b). However, the emission peaks observed in figure 3.17 is 
an artifact due to the detector’s spectral response. Furthermore, emissions at less than 
950nm wavelength region accounts for less than 1% of the total emission power in 
forward biased pn junctions. Hence, investigations of pn junctions performed without 
NIR capable systems are incapable of revealing much information of the DUT. 
 
 
Figure 3.17: Forward biased pn junction emission spectrum as published in [22]. 
 
3.4.2 Saturated nMOSFETs 
 
Saturated nMOSFET emission spectrums are previously published in [22] for 
wavelengths up to 900nm. Figure 3.18 shows the emission spectrums of a saturated 
long channel nMOSFET device at biasing points denoted on the I-V curve (inset) and 
VG = 3V, with emission intensity plotted on a log scale. 
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Figure 3.18: Emission spectrum of saturated long channel nMOSFET at biasing 
conditions on I-V curve (inset) [22]. 
 
The emission spectrums of a similar long channel nMOSFET at the same biasing 
conditions (VG = 3V and VD from 4 to 6.5V at 0.5V steps) are obtained using the high 
sensitivity mode. Figure 3.19(b) shows the emission spectrums for a 1.0µm gate length 
device at VG = 3V and VD as specified. Figure 3.19(b) shows the I-V characteristics of 
the DUT. In figure 3.18, the emission intensity is observed to increase with increasing 
wavelength before leveling off at ~900nm for the spectrum with VD = 6.5V. This 
leveling off is not readily observable at lower VD. Similar trends are observed in figure 
3.19(a), but with the leveling off of all spectrums observed. Furthermore, the leveling 
off is observed to start at lower wavelengths with increasing VD. This point was not 
observed in figure 3.18 due to the wavelength limit of the detector. 
 







Figure 3.19: (a) Emission spectrum and (b) I-V characteristic of 1µm gate length 
nMOSFET in saturation. 
 
The spectrums acquired using the NIR SPEM shows good agreement with previously 
published results in regions of overlap. Furthermore, additional characteristics of the 
spectrums were observed with the system’s capability to detect at longer wavelengths. 
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3.5 Summary 
 
In this chapter, the setup of the NIR SPEM is described with the functions of the 
components explained. The 2 modes of operation are introduced and their calibration 
processes are also described. The 2 modes of operations are characterized and their 
sensitivities compared to show a 2 order better sensitivity in the high sensitivity mode. 
Lastly, some spectra acquired with the NIR SPEM is compared to previously published 
results to show good agreement in regions of overlap and new trends observed with the 
NIR capable system. 
 
49 
Chapter 4: Emission from PN Junctions 
50 
CHAPTER 4: EMISSION FROM PN JUNCTIONS 
 
This chapter presents the NIR spectroscopy results acquired by the NIR SPEM for pn 
junctions. The spectrums for silicon pn junctions in forward and reverse biased are 
investigated. Results from some III-V compound pn junctions in reverse bias are also 
presented. 
 
4.1 Forward Biased Junctions 
 
In a forward biased pn junction, carriers are injected across the depletion region where 
they readily recombine to emit photons, as described in section 2.3. This section 
examines the emission characteristics of III-V hetero-junctions and silicon homo-
junctions of various doping concentrations under forward bias. 
 
4.1.1 IR LED 
 
A HSDL-4220 AlxGa1-xAs double hetero-junction IR LED under forward bias with 
known emission peak at 875nm is investigated using the high speed mode. The biasing 
conditions are set at forward current levels of 100, 50, 10 and 5 mA at 0.1 second 
exposure. Figure 4.1 shows the emission spectrum of the HSDL-4220 IR LED under 
these biasing conditions. The narrow-band emission spectrum is characteristic forward 
bias. The observed peak at 875nm agrees with the manufacturer’s specification and the 
FWHM of 41nm at 50mA bias current differs from the manufacturer’s specification of 
37nm at 25°C. The agreement in peak position demonstrates the accuracy of the 
system while the slight deviation in FWHM maybe due to lack of spectral resolution. 
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Figure 4.1: Forward biased emission spectrum of HSDL-4220 IR LED at various bias 
current. 
 
The lack of spectral resolution is due to the diffraction grating, where the current 
grating spans a larger wavelength range at the expense of resolution. This problem is 
easily overcome by replacing the grating with a high resolution grating for specific 
wavelength ranges. However, the current grating is accurate to ±3.7nm and is 
sufficient for experiments performed in this project. 
 
4.1.2 Silicon pn Junctions 
 
An npn BJT is used to investigate the effects of forward bias of pn junctions at 
different biasing conditions and with different doping concentrations. The emitter(n+)–
base(p), base(p)-collector(n) and collector(n)-substrate(p) junctions are forward biased 
at constant bias currents of 10, 20, 30, 40 and 50mA. The peak wavelength and full-
width-half-maximum, FWHM, values are compared to determine the effects of doping 
concentration on mean emission energy and emission distribution respectively. 
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Figure 4.2: Emission spectrum of emitter-base junction of npn BJT under various 
forward bias. 
 
Figure 4.2 shows the emission spectrum of the emitter-base junction under forward 
bias. The general emission spectrum resembles figure 4.1, with a wider distribution. 
The FWHM value ranges from 108 to 115nm, fluctuating with the bias condition, and 
is significantly higher than FWHM of 47nm in the HSDL-4220 IR LED. The emission 
peaks are observed at 1154nm and insensitive to biasing conditions. The emission peak 
is 47nm longer than silicon bandgap of 1107nm due to the participation of phonons 
and impurities, which reduces the energy of emitted photons.  
 
From equation 2.2, emission occurs predominantly in the lightly doped junction, as 
more carriers are injected from the highly doped to the lightly doped junction. As 
average emission energy is affected by both phonons and impurities, shown in figure 
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2.20(b), the peak wavelength would therefore be correlated to the doping concentration 
of the lightly doped junction. 
 
In this case, photons are predominantly emitted from the p-type base due to carriers 
injected from the n+ emitter. Since the base is heavily doped at ~1017 cm-3, the 
participation from the impurities would be high and hence emission peak would be at a 
longer wavelength. For the collector-base and collector-substrate junctions, the 
emission would predominantly occur in the n collector and p- substrate respectively. 
Figure 4.3 shows the emission spectrums of (a) collector-base and (b) collector-
substrate junctions under forward bias. 
 
The average peak positions are observed to shift to 1151 and 1147nm for the collector-
base and collector-substrate junctions respectively. The average FWHM is also 
observed to shift to 111 and 106nm for the collector-base and collector-substrate 
junctions respectively, as compared to an average of 112nm in the emitter-base 
junction. In the forward biased collector-base junction, the emission occurs in the n 
collector, which is ~1016 cm-3 doped. In the forward biased collector-substrate junction, 











Figure 4.3: Emission spectrum of (a) collector-base and (b) collector –substrate 
junction of npn BJT under forward bias. 
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Another pn junction formed by the n source/drain and p well of a nMOSFET under 
forward biased is also investigated. Figure 4.4 shows the emission spectrum at various 
bias conditions. Emission occurs in the p-well with doping concentration of 
approximately 1015 cm-3. In this case, the average peak position and FWHM is 
observed to be 1147nm and 112nm respectively. 
 
 
Figure 4.4: Emission spectrum of source/drain-substrate junction of nMOSFET under 
various forward bias. 
 
The FWHM values are summarized in table 4.1 and show no apparent relation to either 
the doping concentration or the bias conditions. The only observable difference occurs 
at the collector-substrate junction where the mean values are somewhat lower than the 
other junctions. Further investigation is not performed as the physical relevance of 
which is unclear. 
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nMOS S/D - 
Substrate 
10 mA 108 111 108 104 
20 mA 115 111 104 111 
30 mA 111 111 104 111 
40 mA 111 111 104 118 
50 mA 115 111 108 118 
Table 4.1: FWHM (in nm) of emission spectrums of various junctions under forward 
bias. 
 
Table 4.2 summarizes the peak positions of the emission spectrums of the various 
junctions under different bias conditions. The peak position dependence on the bias 
conditions is minimal, while the relation between the peak position and doping 
concentration is more prominent. 
 





nMOS S/D - 
Substrate 
10 mA 1154 1154 1151 1147 
20 mA 1154 1151 1147 1147 
30 mA 1154 1151 1147 1147 
40 mA 1154 1151 1147 1147 
50 mA 1154 1147 1147 1147 
Table 4.2: Average Peak Wavelength (in nm) of emission spectrums of various 
junctions under forward bias. 
 
2 other sets of npn BJT and nMOSFET are used to determine the relation between the 
peak wavelength and doping concentration. Figure 4.5 shows the relation between the 
average peak wavelength and the doping concentration of the emission site. The 
average peak wavelength is mean wavelength at different bias conditions from 10 mA 
to 50 mA. The peak wavelength is observed to shift by approximately 3 nm for every 
order of magnitude difference in the doping concentration. 
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Figure 4.5: Average Peak Wavelength for forward bias junctions at emission sites of 
different doping concentrations. 
 
4.2 Reverse Biased Junctions (Silicon) 
 
In reverse biased junctions, emission occurs when carriers tunneling across the 
depletion region recombine, as described in section 2.3. This section presents the 
reverse bias spectrums in the NIR region and compares the information to that 
obtained from the visible region. Junctions with abnormal spectrums are investigated 
to determine the cause. 
 
4.2.1 NIR Spectrum of Reverse Bias Junction 
 
The emitter-base junction of an npn BJT, Device 1, with typical I-V characteristics is 
reverse biased into the breakdown region. The emission spectrums in the visible and 
NIR region are obtained and shown in figures 4.6(a) and 4.6(b) respectively. The 
spectrums are obtained at constant reverse currents of 15mA, 30mA, 45mA and 60mA. 
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Figure 4.6: Emission spectrums of reverse biased pn junction in (a) visible and (b) NIR 
region. Minor peak at approximately 720nm in (a) is an artifact peak. 
 
The emission intensity is observed to increase almost linearly with increasing 
wavelength up to about 850nm. After which, an exponential increase is observed up to 
the emission peak at approximately 1110nm, which is very close to the bandgap 
energy of intrinsic silicon. Furthermore, the spectrum is “broadband” in nature, 
spanning across the entire spectrum from 400nm to 1700nm. This is due to the 
recombination of electron-hole pairs generated through the avalanche mechanism in 
the depletion region as explained in [25]. 
58 







Figure 4.7: Reverse bias emission spectrum of Device 2 in the (a) visible and (b) NIR 
region. Minor peak at approximately 720nm in (a) is an artifact peak. 
 
Other devices tested exhibit similar trends, with very broad spectral spread and peaks 
at the 1110nm vicinity. A particular device, Device 2, with no observable difference in 
I-V characteristics to Device 1, is observed to have abnormalities in the NIR spectrum. 
Figure 4.7 shows (a) the visible and (b) the NIR spectrum of this device. There are no 
observable differences in the visible spectrums from figure 4.6(a) and figure 4.7 (a), 
but a strong second peak is observed at ~1000nm in figure 4.7(b). 
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Figure 4.8: (a) Normalized spectrums showing the emission difference at 1000nm 
wavelength and (b) setup for monochromatic emission image acquisition. 
 
The major difference in the spectrums is the 1000nm emission, as indicated in the 
normalized spectrums in figure 4.8(a). The monochromatic emission images for 
Devices 1 and 2 centered at 1000nm wavelength are acquired to compare the spatial 
distribution of the emission and determine the origin of the 1000nm peak. A narrow 
band pass filter centered at 1000nm and FWHM of 50nm is placed between the DUT 
and objective lens, shown in figure 4.8(b), to obtain the monochromatic images.  
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Figure 4.9 shows the (a) reflected light image of the devices with 1000nm 
monochromatic emission images for (b) Device 1 and (c) Device 2, obtained with 50X 
magnification. Emission images are obtained with both devices at reverse bias of 8.9V 
and 60mA. 
 
Device 1 appears to breakdown non-uniformly over the vertical and horizontal 
junctions while Device 2 shows higher emission intensity at the top vertical junction. 
Given the existence of high fields in the depletion region at reverse bias, energy 
distribution of charge carriers would be very sensitive to local electric field 
distributions. Thus variations in the field distributions between Device 1 & 2 could 
account for the observed difference in the spectral distribution of emissions. 
 
The presence of defects in a particular area of Device 2 could also contribute to the 
peak at 1000 nm. These defects could be specific regions of weakness where a high 
concentration of high energy carriers are recombined. The concentration of high 
energy carriers may further degrade the junction and cause changes in the electrical 
parameters eventually. However, further investigations are necessary to understand this 
relationship for potential reliability analysis. 
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Figure 4.9: (a) Reflected light and 1000nm monochromatic emission images of (a) 
Device 1 and (b) Device 2. 
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4.3 Reverse Biased Junctions (III-V) 
 
Compound semiconductor junctions in reverse bias are also investigated in this project. 
A double hetero junction IR LED and a GaP (red) LED are examined to obtain the 
reverse bias spectrums under different conditions to observe the emission 
characteristics. The spectral properties are then compared to those from reverse bias 
silicon pn junctions to determine if the method is able to differentiate reverse bias 
spectrums form different materials. 
 
4.3.1 InGaP (Red) LED 
 
An InGaP red colored LED with I-V characteristics in figure 4.10(a) is subjected to 
reverse bias and the emission spectrums obtained in high speed mode at reverse bias 
currents of 20, 25 and 30 mA are shown in figure 4.10(b). The emission spectrum is 
observed to have a broad peak in the region of approximately 1000nm, characteristic 
of a reverse biased junction. The spectrum in figure 4.10(b) is also observed to have a 
broader peak as compared to the silicon junction reverse bias peaks in figures 4.6(b) 
and 4.7(b). The specified emission wavelength of the LED is 760nm or equivalent 
bandgap, Eg, value of 1.63eV, and the reversed bias spectrum of the LED is observed 
to peak at relatively longer wavelength at approximately 1000nm. 
63 






Figure 4.10: (a) I-V characteristic and (b) emission spectrum of InGaP (red) LED 
under reverse bias. 
 
4.3.2 IR LED 
 
The HSDL-4220 double hetero junction in section 4.1.1, with I-V characteristics as 
shown in figure 4.11(a), is investigated at various reverse bias conditions. Figure 
4.11(b) shows the emission spectrums obtained at reverse currents of 10.2, 15.0, 20.0 
and 25.0 mA in the high speed mode. The emission spectrums show complex behavior, 
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with intensities at above 1200nm and below 1000nm wavelength increasing almost 
linearly with the bias, while intensity between 1000nm and 1200nm is independent of 








Figure 4.11: (a)I-V characteristic and (b) emission spectrum of HSDL-4220 IR LED 
under various reverse bias conditions. 
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Figure 4.12 shows the band diagram of the double hetero junctions (a) at zero bias and 
(b) under reverse bias [31]. The emission mechanism is expected to be similar to a 
reversed biased silicon junction, which is due to radiative recombination of tunneling 
carriers in the depletion region. From figure 4.12(b), the tunneling electrons are 
injected from the p-AlGaAs bulk while holes are supplied from both n-AlGaAs and n-
GaAs bulks. Hence the exact emission mechanics is unclear and cannot be concluded 
in this project. 
 
 
(a)     (b) 
 
Figure 4.12: Band diagrams of double hetero junction LED under (a) zero bias and (b) 
reverse bias. 
 
4.3.3 Analysis and Discussion 
 
Observation of the spectral properties of GaP (red) LED in figure 4.10(b) and AlGaAs-
GaAs IR LED in figure 4.11(b), shows the λ50% values of the IR LED to have close 
correlation to the reverse current. The λ50% values of all (Si, GaP, AlGaAs-GaAs) 
reverse biased junctions are summarized in table 4.3. The silicon and GaP pn junctions 
have λ50% values that are relatively less responsive to the injection current changes and 
each type of junction has different typical values.  
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Silicon  AlGaAs-GaAs  GaP 
IR λ50% (nm)  IR λ50% (nm)  IR λ50% (nm) 
15 mA 1144.3  10.2 mA 1090  20 mA 1007 
30 mA 1144.7  15 mA 1097  25mA 1000 
45 mA 1141.5  20 mA 1104  30 mA 1004 
60 mA 1141.4  25 mA 1121    
 
Table 4.3: Comparison of λ50% values between silicon junctions and AlGaAs-GaAs 
double hetero junction in reverse bias. 
 
Figure 4.13 shows the distribution of the λ50% of each type of junction. The 3 types of 
junction each occupy a distinct wavelength range, with GaP and Silicon junctions 
spanning a narrower range than the AlGaAs-GaAs junction, indicating that mean 
emission energy is much more sensitive to the biasing conditions. Incidentally, the 
GaP and Silicon junctions are homojunctions and AlGaAs-GaAs being a double hetero 
junction. This could be a reason why the AlGaAs-GaAs junction spans a much wider 
range, but this conjecture requires further investigation.  
 
 
Figure 4.13: λ50% distribution of different types of pn junctions in reverse bias. 
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In any case figure 4.13 has shown the λ50% parameter to be dependent on the type of 
junction under reverse bias. This may be useful in the monitoring of emissions from 




In this chapter, the emission spectrums of forward biased junctions are investigated 
and observed to correlate with the doping concentration. The NIR emission spectrums 
of reverse biased silicon pn junctions are investigated and some devices with abnormal 
emission spectrums are attributed to the spatial emission distribution. Lastly, reverse 
biased AlGaAs-GaAs heterojunctions and GaP are investigated and the mean emission 
energy for different junction types are observed to span different regions of the spectral 
range. 
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CHAPTER 5: EMISSION FROM MOSFET DEVICES 
 
This chapter presents the results from investigation of n channel MOSFETs. The 
emission spectrums of devices with different gate lengths are investigated and 
compared. Emission spectrums of 1µm gate length devices with and without defects 
are compared. 
 
5.1 NIR Emission Spectrum of nMOSFET in Saturation 
 
Light emission from MOSFETs in saturation is closely related to the substrate current 
[24]. The dominant emission mechanism is believed to be the recombination of high 
energy carriers injected from the channel into the substrate, as explained in section 
2.3.3. Although spectra in the visible wavelength ranging up to 1000nm have been 
obtained [3,8,23,24,25], wavelength emissions close to and longer than the bandgap 
energy have not been successfully observed. This section presents the emission 
spectrums of n channel MOSFETs biased into saturation. The emission from 
MOSFETs is extremely weak and all spectrums are acquired in the high sensitivity 
mode. 
 
A particular 1.0µm gate length (Doubly Diffused Drain) DDD device (MOS1) with I-
V characteristics in figure 5.1(a) is investigated. Figure 5.1(b) shows the emission 
spectrums obtained at fixed VG = 3V and VD from 4.0V to 6.5V in steps of 0.5V, 
labeled a to f. It is evident that the low wavelength component, i.e. high energy 
emissions, becomes more substantial as the bias move towards the breakdown region. 








Figure 5.1: (a) I-V characteristics and (b) emission spectrum of MOS1. 
 
A statistical parameter, λ50%, described in section 2.2.3, is used to analyze the “mean” 
wavelength of the emission spectrum. This method has been successfully employed to 
analyze spectrums in the visible range, therefore it is used here to analyze the NIR 
spectrums obtained. Table 5.1 shows the λ50% of the spectrums at different VD. The 
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mean emission wavelength is observed to decrease at increasing VD, showing an 
evident increase in the emission energy. This observation is reasonable as the energy 
of carriers injected into the substrate is higher at increasing VD. 
 







Table 5.1: Mean emission wavelength, λ50%, of MOS1 at different VD and VG = 3V. 
 
Other devices of different gate lengths are investigated to observe the relationship 
between device gate length and λ50%. Figure 5.2 shows (a) the I-V of a 1.6µm gate 
length DDD device and (b) the emission spectrums biased at VG = 3V and VD from 5.0 
to 6.5V in steps of 0.5V. Similar trends to figure 5.1(b) are observed, indicating the 











Figure 5.2: (a) I-V characteristics and (b) emission spectrum of MOS2. 
 
Figure 5.3 shows (a) the I-V characteristics and (b) emission spectrum of another DDD 
device with 2.0µm gate length, MOS3. It is observed that the high energy, or short 
wavelength component is appreciably lower in proportion compared to figures 5.1(b) 
and 5.2(b). This is because of the lower electric field strength in a longer channel 
device and hence carriers injected into the substrate are generally much lower in 
energy. 
 







Figure 5.3: (a) I-V characteristics and (b) emission spectrum of MOS3. 
 
Sub-micron (Large Angle Tilt Implant Drain) LATID devices with 0.6µm and 0.5µm 
gate lengths are also investigated to obtain the respective λ50% values. Figure 5.4 shows 
(a) the I-V characteristics and (b) emission spectrums of a 0.6µm gate length device, 
MOS4. The emission intensity increases almost linearly with wavelength as compared 
to the exponential increase observed in DDD devices, MOS1 to MOS3. This indicates 
a more even distribution of the emission energy and also a higher proportion of short 
wavelength emissions. 








Figure 5.4: (a) I-V characteristics and (b) emission spectrum of MOS4. 
 
Figure 5.5 shows the (a) I-V characteristics and (b) emission spectrums of a 0.5µm 
gate length LATID device, MOS5. The spectrum is similar to figure 5.4(b), with 
almost linear relationship between the intensity and wavelength. However, there is 
appreciably higher emission at wavelengths below 900nm. 








Figure 5.5: (a) I-V characteristics and (b) emission spectrums of MOS5. 
 
Lastly, a deep sub-micron 0.15µm gate length device, MOS6, is investigated to 
observe the emission from ultra short channel devices. Figure 5.6 shows the (a) I-V 
characteristics and (b) emission spectrums of MOS6 at VG = 2V and VD = 3 and 3.5V. 
Very strong emission is observed in the region of approximately 950nm, as compared 
to all other devices investigated. This could be caused by new emission mechanism not 
prominent in longer channel devices. One possibility could be punch-through problem, 
which is prominent in ultra short channel devices. 







Figure 5.6: (a) I-V characteristics and (b) emission spectrums of MOS6. 
 
The λ50% values for all devices MOS1 to MOS6 are obtained and summarized in table 
5.2. Long channel DDD devices (MOS1 to MOS3) are observed to have higher λ50% 
values for devices with longer gate lengths, at the same biasing conditions. While the 
sub-micron LATID devices (MOS4 and MOS5) also show this trend, an increase in 
λ50% value is observed at the transition from the 1.0µm device to the 0.6µm device. 
This can be attributed to better hot carrier suppression in the LATID devices. 
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VD (V) MOS1 MOS2 MOS3 MOS4 MOS5 MOS6 
6.5 1100 1110 1150 1110 1135 - 
6.0 1110 1130 1165 1125 1145 - 
5.5 1125 1140 1185 1140 - - 
5.0 1145 1145 - - - - 
4.5 1155 - - - - - 
4.0 1155 - - - - - 
3.5 - - - - - 1070 
3.0 - - - - - 1105 
Table 5.2: Summary of λ50% in nm for all MOS devices. 
 
The λ50% values for each device are then compared to the electric fields within each 
device to establish the relationship between the electric field strength and the emission 
spectrum. Figure 5.7 shows the relationship between λ50% and ζ
DSUB II / , a measure of 
the electric field strength in MOSFET devices (see section 2.2.3). While this 
relationship was previously established [3], the data presented in this section shows 
that the same relation exists in the NIR region. 
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Figure 5.7: Relation between λ50% and the channel electric field of MOSFET devices in 
the NIR region. 
 
A separate monotonous relationship is observed for the 2 groups of devices, with the 
long channel DDD devices having a shorter λ50% value at the same channel electric 
field as compared to the sub-micron devices. This shows that the mean emission 
energy is related to the electric field in the NIR region. 
 
5.2 Case Studies of Some Defective Devices 
 
In this section we investigate the emission spectrums of some electrically defective n-
channel MOSFET devices. The “defect” spectrums are compared to those from 
working devices to identify spectral effects of specific defects, alike defect 
fingerprinting technique. The statistical parameter, λ50%, are also compared to observe 
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the field conditions in these devices, since the parameter is shown to be connected to 
the channel electric field in previous reports [3,8] and earlier on in section 5.1. 
 
2 devices of the 1.0µm gate length DDD nMOSFET (MOS1) family with specific 
defects identified in the IV characteristics are investigated. The individual emission 
spectrums are thus compared to data from figure 5.1(b) for analysis. 
 
5.2.1 Device with Channel Punch through 
 
A 1µm gate length n-channel MOSFET (MOS1A) with IV characteristics observed in 
figure 5.8 is investigated. Observation of device ID at VG = 3V shows linear relation in 
the saturation, indicating a loss of gate action in the device. A probable cause of the 
abnormal ID – VD is device punch through, which is confirmed by the non-zero ID at 
VG = 0V. 
 
 
Figure 5.8: IV characteristics of MOS1A at VG = 3V and VG = 0V. 
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The phenomena of punch through occur when certain defects or manufacturing issues 
causing a widening of the depletion region at the source/drain- substrate junction. 
Figure 5.9(a) shows the schematic of a working device and (b) shows the situation of a 
device with possible punch through occurrence. The schematics in figure 5.9 are 
shown at no bias, VG = VD = VS = 0V. 
 
  
(a)      (b) 
Figure 5.9: Schematic of (a) working and (b) potential punch through device with 
potential distribution at VG = VD = VS = 0V. 
 
Figure 5.10(a) shows the schematic of a working device at VD = VDD and VG = VS = 
0V, no tunneling occurs between the source and drain junctions. In the case of a device 
with punch through, the extension of the depletion region at drain-substrate junction 
with applied VDD causes the formation of a continuous depletion layer joining the 
source and drain. Figure 5.10(b) shows the schematic of this situation, where VD > 0V 
and VG = VS = 0V. Therefore, carriers are allowed to tunnel from source to drain 
depending on the applied voltage difference as observed in the IV characteristics in 
figure 5.8. 
 
(a)      (b) 
Figure 5.10: Schematic of (a) normal and (b) punch through device at applied bias of 
VS = VG = 0V and VD > 0V. 
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While the specific cause of punch through in this device is unknown, it is apparent 
from the IV characteristics that an increase in ID and ISUB is caused. Figure 5.11 shows 
the emission spectrum acquired for MOS1A at VG = 3V and various VD. Comparing to 
the emission spectrum in figure 5.1(b), strong emission contents are observed at 
approximately 1100nm wavelength. This observation being most obvious at VD = 6.5V 




Figure 5.11: Emission spectrum of MOS1A at VG = 3V. 
 
While the emission spectrum cannot reveal the true nature of the defect causing a 
punch through, an abnormality in the spectrum at the region of 1100nm is observed. 
By observation of these spectrums on a large enough data pool, it may be possible to 
construct a reliable library of spectrums corresponding to each defect type. A 
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5.2.2 Device with High Junction Leakage 
 
Another 1µm gate length device with high steady state ISUB, MOS1B, is investigated. 
The IV characteristics at VG = 3V is shown in figure 5.12. A d.c component of 
approximately 2mA is observed at ISUB for all values of VD, in addition to the normal 
ISUB component responding exponentially to VD changes. There is no abnormality in 




Figure 5.12: IV characteristics of MOS1B. 
 
While ID is unaffected by the high ISUB leakage, monitoring of IG and IS shows the 
contribution of the ISUB leakage to be from the source junction. The IS-VD curve at VG 
= 3V is shown in figure 5.13(a). The leakage component of ISUB, observable at low VD, 
is found to vary almost linearly with VG, as shown in figure 5.13(b). This shows that 
whatever causes the ISUB leakage is far enough from the drain not to affect ID. 
Furthermore, it is sensitive to the vertical field while being insensitive to lateral field. 
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(a)      (b) 
Figure 5.13: IV curve of (a) IS-VD and (b) ISUB-VG for MOS1B. 
 
Figure 5.14 shows the spectrum of MOS1B at VG = 3V and various VD. A well-
defined peak is observed in the region of ~1150nm, resembling the spectrum in figure 
5.11. The general spectrum remains similar to that of MOS1 and MOS1A, with rising 
intensity observed at shorter wavelengths and almost level intensity at longer 
wavelengths. This spectrum is readily identifiable from the emission spectrum MOS1 
in figure 5.1(b), but is not so distinguishable from that of MOS1A. Therefore, other 
quantitative methods may be required to separate these 2 spectrums. 
 
 
Figure 5.14: Emission spectrum of MOS1B at VG = 3V and various VD. 
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5.2.3 Quantitative Analysis 
 
It is seen that although observing the emission spectrum may readily identify the 
electrically defective devices, it may not be possible to distinguish the actual problem 
by visual inspection of the spectrums. Therefore, the λ50% values of these spectrums 
are obtained and summarized in able 5.3. It is observed that all λ50% values of MOS1 
are higher than MOS1B, which are in turn higher than those of MOS1A at all bias. 
Therefore, it can be concluded that the maximum electric field strength in MOS1A is 
higher than MOS1B, which is in turn higher than MOS1. 
 
VD (V) MOS1 λ50% (nm) MOS1A λ50% (nm) MOS1B λ50% (nm) 
4.0 1155 1135 1150 
4.5 1155 1125 1140 
5.0 1145 1105 1125 
5.5 1125 1100 1120 
6.0 1110 1095 1105 
6.5 1100 1090 1095 
Table 5.3: Summary of λ50% values for spectrums of MOS1, MOS1A and MOS 1B. 
 
Figure 5.15 shows a graphical plot of the λ50% values to VD. It shows the general shape 
of the 3 spectrums to be similar, with shorter wavelength (higher energy) λ50% at 
increasing drain bias. The difference in λ50% appears to be higher at lower VD and seem 
to converge at VD > 6.5V. This observation is reasonable given that the phenomena 
observed in MOS1A and MOS1B is more prominent at lower drain voltages. Hence 
this shows the usefulness of NIR emission microscopy in the analysis of devices, 
which are difficult to probe electrically. 









This chapter presents the emission spectrums of various MOSFETs with different 
device dimensions. The statistical parameter λ50% is shown to correlate with the 
maximum electric field strength. The emission spectrums of devices with electrical 
defects are compared to that of a normal device. It is found that the electrical 
abnormalities are represented in the spectrums and may be analyzed by observation of 
λ50% parameter. 
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This chapter presents the some suggestions for future work. The first part discusses 
suggestions on improving the capability of the system. The second part discusses some 
results obtained in this project, which justifies further investigation. 
 
6.1 System Capability Improvements 
  
This section discusses some suggestions to improve the performance of the system. 
This includes improvements to solve the problems encountered during this project. 
Other suggestions intended to extend the application range of the system are also 
discussed. 
 
6.1.1 Integrating Amplifier 
 
The high sensitivity mode of the system uses the SEMICAPS data acquisition setup 
meant for secondary electron (SE) detector of an SEM. This results in a mismatch 
between the output range of the PMT and input range of the acquisition card. 
Therefore, care has to be taken when measurements are made using this setup to 
prevent any clipping in the spectrums. 
 
Figure 6.1 shows typical spectrums of a pn junction in reverse bias, acquired using the 
high sensitivity mode and high speed mode. The spectrums are normalized so that the 
overlapping areas under the spectrums (from 850nm to 1350nm wavelength) are equal. 
As observed, the spectrum acquired using the high sensitivity mode (labeled “NIR 
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PMT”) appears flat at the region where a peak is expected from the spectrum acquired 
using the high speed mode (labeled “InGaAs”). 
 
Figure 6.1: Comparison between emission spectrums with and without clipping. 
 
The flattening of the spectrum is due to the clipping off of the positive components of 
the noise, which causes the signal levels to be lower after averaging. Figure 6.2(a) 
shows a steady signal measuring 0.8 units in an ideal system, and the same signal after 
taking into consideration the random noise introduced by the NIR PMT. This “signal 
with noise” is then amplified by the current amplifier and input to the SEMICAPS data 
acquisition card. However, the input range of the SEMICAPS acquisition card is 
limited to <10V. Figure 6.2(b) shows the spectrum before amplification and clip-off 
after amplification. 
87 











































Figure 6.2: (a) Steady state signal taking into consideration NIR PMT induced noise 
and (b) clipping-off of signal by SEMICAPS card after amplification. 
 
At this point, the acquisition setup will average a number of sampled points as 
specified by the user. The original signal of 0.8 units measures 0.805 units after 
averaging out the noise introduced by the NIR PMT. However, after 10 times 
amplification and averaging, the signal measures 7.738 units instead of 8 units. This 
phenomenon worsens at higher gain settings for the current amplifier and causes 
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confusion when acquiring spectrums with weak emission. Currently, high gain settings 
are avoided in spectrum acquisition, which limits the sensitivity of the system. 
 
This problem can be overcome by replacing the current amplifier to a charge 
integrating amplifier. The integrating amplifier integrates the signal over a fixed 
duration before output to the data acquisition setup. The integration duration should be 
significantly larger than the mean separation between noise pulses. Figure 6.3 shows 
the “Integrated signal” as compared to the “Sampled signal” with clip-off. The data 
acquisition setup would then average the integrated signal to measure 8.047 units, 
which is a better reflection of the NIR PMT measurement. 
 
 
Figure 6.3: Comparing “Integrated signal” from using integrating amplifier to 
“Sampled signal” using current amplifier. 
 
6.1.2 Photon Counting 
 
Another method to overcome the clip-off problem is to use photon counters, which 
also increases the sensitivity of the system by approximately 2 orders of magnitude 
[33]. Figure 6.4 shows the block diagram of this setup with a high bandwidth, fixed 
gain amplifier and a photon counter unit, controlled using a personal computer. The 
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photon counter would count the number of pulses caused by photons striking the NIR 
PMT. The photon counter unit can be programmed to reject very high and very low 
amplitude pulses caused by shot noise and background noise respectively.  
 






Figure 6.4: Block diagram of a Photon counting ssetup. 
 
The use of photon counters requires discrete pulses as input to the photon counter, 
therefore only very weak emissions may be measured using this method. Although the 
use of this setup increases the sensitivity, it cannot be used for strong emissions and 
the current setup using either integrating or current amplifiers and a data acquisition 
card is still required. 
 
6.1.3 NIR capable CCD camera 
 
The current system uses an enhanced silicon based CCD, with spectral response shown 
in figure 6.5(a), to acquire emission images. The CCD has a cut off wavelength of 
approximately 1.1µm while the spectral response of the InGaAs linear array extends all 
the way to 1.8µm, as shown in figure 6.5(b). Therefore, the effective overlapping 
spectral region is only from 850nm to 1050nm and correlating of emission image to 
spectrum is extremely difficult. 
 





Figure 6.4: Spectral response of (a) silicon based CCD and (b) InGaAs array. 
 
The installation of a NIR capable imaging array, with spectral response range as least 
equal to the spectrograph would improve the applicability of the system tremendously. 
Typically, NIR cameras of this spectral range are made of Mercury-Cadmium-
Telluride (HgCdTe), lead (Pb) based compounds and ternary or quaternary Indium 
(In), Gallium (Ga), Arsenic (As) and Phosphorous (P) compounds.  
 
6.2 Further Investigation 
 
This section discusses some results observed in this project, which has not been 
thoroughly investigated due to constraint in resources. One aspect of this is to extend 
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the study the effects of oxide trapped charges and interface states in the NIR spectral 
region. Another is to study the effects on the NIR emission spectrum after accelerated 
stress tests. 
 
6.2.1 Effects of Interface States and Oxide Trapped Charges in nMOSFETs 
 
In an earlier publication [7], the effects of oxide trapped charges and interface states on 
the emission spectrum on nMOSFETs were investigated. This study was limited to the 
visible range (up to 850nm wavelength) due to limitations in the detector system’s 
spectral response. With the NIR SPEM, it is now possible to observe the respective 
effects in the NIR region. 
 
It was observed in chapters 4 and 5 that most degradation in device performances are 
translated to abnormalities in the emission spectrum at approximately 1000nm 
wavelength region. This wavelength is very close to the silicon bandgap emission at 
1107 to 1150nm, based on doping concentration, and is very likely caused by energy 
levels introduced by defects in the silicon [34]. These energy levels effectively reduce 
the bandgap energy, resulting in higher emission at wavelengths close to the silicon 
bandgap. 
 
Therefore, it will be valuable to investigate the effects on the emission spectrum in the 
wavelength range from 900 to 1300nm, to reinforce the understanding of the Isub(max) 
and Ig(max) stress tests. However, the current system operation is still not sensitive 
enough to observe these effects accurately. This situation may be improved with the 
use of photon counting described in section 6.1.2, to improve the system sensitivity. 
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6.2.2 Effects of Current Leakage on the Emission Spectrum 
 
It was concluded in section 5.1 that a relation exists between the mean emission 
wavelength, λ50%, in the NIR region and the electric field strength in an nMOSFET. It 
is also observed from sections 4.2 and 5.2 that the current leakage phenomenon in 
junctions and MOSFETs causes relative increase in the emission at wavelengths from 
950 to 1150nm. 
 
It is generally understood that defects within the silicon structures causes trap 
formation within the bandgap close to the conduction band, explaining the increase in 
emission intensity at shorter wavelengths for defective devices. However, a 
quantitative relationship between the emission spectrum and the defects is not firmly 
established. Therefore, with data obtained from planned experiments on the NIR 
SPEM, a complete range of relevant spectroscopic information could be made 
available for this study. 
 
The availability of a non-destructive defect assessment tool, which is capable of 
observing leakages in semiconductor devices would be extremely useful. With 
increasing chip complexities and packaging technologies, the scope of failure analysts 
is currently limited by the means available, as mentioned in section 1.1. NIR emission 
microscopy (imaging and spectroscopy) would be extremely useful both as a 
localization tool and defect assessment tool, providing a non-destructive first step 
approach to further analysis. Furthermore, with quantitative methods now possible due 
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to the ability to observe the full spectrum, it is also possible to extend the use of 
emission microscopy to a reliability assessment tool. 
 
6.2.3 Spectral Analysis Techniques 
 
Although the λ50% statistical parameter is shown to provide information on the 
conditions of the tested devices, it is incapable of providing information regarding 
more subtle differences in the spectrums, i.e. minor peak and changes in spectrum 
shape. It is seen in this project and previous publications that degradation or defects in 
the devices are generally represented by slight changes in spectral distribution or/and 
emergence of minor peak(s). Development of a method that is capable of decomposing 
the individual peaks, using either de-convolution or neural networks, is required before 
extracting the λ50% parameter from each individual peaks may be more meaningful in 




Possible improvements to the system performance are presented in this chapter, 
including the use of integrating amplifiers, photon counting and NIR cameras to 
supplement the current system. Further investigations to study the effects of oxide trap 
and interface state effects and current leakages are also presented. The relevance of 
suggested proposals is also discussed. 
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CHAPTER 7: CONCLUSION 
 
A spectroscopic photon emission microscope (SPEM), sensitive in the NIR region of 
up to 1800nm wavelength, is assembled in this project. The system integrates 2 NIR 
detectors, an InGaAs linear array and NIR PMT, allowing it to function in high speed 
or high sensitivity mode. 
 
Experiments were performed to compare the emission spectrums of pn junctions of 
various materials and study the fundamental (forward and reverse bias) emission 
spectrums of these junctions. While the forward biased spectrums are found to be 
predominantly dependent on doping concentrations, reverse biased emission spectrums 
are found to be very sensitive to field conditions. Furthermore, most observations of 
abnormal behaviors in the spectrums occur in the NIR region and are almost 
unobserved in the visible region. 
 
Investigations on nMOSFETs show statistical parameter, λ50%, of the emission 
spectrum to be closely correlated to the channel electric field. Also, most of the 
emission contents for both healthy and defective devices are contained within the NIR 
region. Some studies of defective devices reveal an increase in the emission intensity 
at 950 to 1300nm wavelength region, resulting in prominent peaks unobserved in 
healthy devices. 
 
During the course of the project, certain areas of the instrument requiring 
improvements were identified. Suggestions to better the performance for extended 
Chapter 7: Conclusion 
applications relevant to semiconductor failure analysis were presented and discussed in 
chapter 6 for implementation in future efforts. 
 
Lastly, the successful implementation of this instrument allows for observation of 
emission spectrums previously unseen. The availability of such an instrument would 
no doubt be useful to fellow researchers who have intentions for further development 
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